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Abstract: Coronavirus disease 2019 (COVID-19) infection is currently a great cause of concern for the
healthcare sector around the globe. SARS-CoV-2 is an RNA virus that causes a serious infection that
is associated with numerous adverse effects and multiple complications associated with different
organs and systems during its pathogenic cycle in humans. Individuals affected by COVID-19, espe-
cially elderly populations and immunocompromised people, are greatly vulnerable to opportunistic
fungal pathogens. Aspergillosis, invasive candidiasis, and mucormycosis are widespread fungal
coinfections in COVID-19 patients. Other fungal infections that are rare but are exhibiting increased
incidence in the current scenario include infections caused by Pneumocystis jirovecii, Histoplasma sp.,
Cryptococcus sp., etc. By producing virulent spores, these pathogens increase the severity of the
disease and increase the morbidity and fatality rates in COVID-19 patients globally. These infec-
tions generally occur in patients recovering from COVID-19 infection, resulting in rehospitalization.
Older and immunocompromised individuals are at higher risk of developing opportunistic fungal
infections. This review focuses on understanding the opportunistic fungal infections prevalent in
COVID-19 patients, especially elderly people. We have also highlighted the important preventive
methods, diagnostic approaches, and prophylactic measures for fungal infections.

Keywords: COVID-19; fungal infections; coinfection; mucormycosis; aspergillosis; invasive candidiasis

1. Introduction

Fungal infections mainly comprise toxin-lethal dose-level opportunistic infections
in humans, which include aflatoxin and ochratoxin from Aspergillus, acetaldehyde from
Candida, and Rhizonin A from Rhizopus. Fungal infections when occurring as a coinfec-
tion in patients were reported to increase their morbidity and mortality [1]. SARS-CoV-2
has spread alarmingly through communities and infected people of all ages, ethnic back-
grounds, and genders, but its severity is greater in aged populations [2]. Fungal infections
occurring with COVID-19 can enhance the pathogenicity and virulence of COVID-19 in-
fection and may even cause death. Effective laboratory testing is essential to determine
whether a person has a COVID-19 infection, a fungal infection, or both. A severe COVID-19
disease that increases the risk of bacterial and fungal infections is associated with decreased
expression of CD4 interferon-gamma, lower counts of CD4 and CD8 cells, and an increase
in proinflammatory cytokines such as IL-1, IL-6, and tumor necrosis alpha, leading to
higher chances of mucormycosis [3].

A study conducted to understand COVID-19 and fungal coinfections reported that ap-
proximately 54.6% of COVID-19 sufferers died from contracting secondary fungal infections.
Thus, fungal coinfections increase the death rates in COVID-19 patients [1].

Vaccines 2023, 11, 555. https://doi.org/10.3390/vaccines11030555 https://www.mdpi.com/journal/vaccines

https://doi.org/10.3390/vaccines11030555
https://doi.org/10.3390/vaccines11030555
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vaccines
https://www.mdpi.com
https://orcid.org/0000-0002-7701-8597
https://orcid.org/0000-0002-7113-7720
https://orcid.org/0000-0003-4474-1479
https://orcid.org/0000-0001-9773-1712
https://orcid.org/0000-0002-4633-0764
https://orcid.org/0000-0002-6541-1981
https://orcid.org/0000-0002-4694-1944
https://orcid.org/0000-0003-3129-6468
https://orcid.org/0000-0001-8106-9066
https://doi.org/10.3390/vaccines11030555
https://www.mdpi.com/journal/vaccines
https://www.mdpi.com/article/10.3390/vaccines11030555?type=check_update&version=2


Vaccines 2023, 11, 555 2 of 26

Recent studies have shown that bacterial coinfection in COVID-19-positive patients
causes a twofold increase in the fatality rate, whereas fungal infections increase the fatality
rate by 4-fold [4].

Coinfection is more prevalent in people over the age of 50 years than in younger
populations. According to a UK study on patients with COVID-19 and fungal infections, the
age range of 55 to 81 years had the highest percentage of coinfected patients [5]. Similarly,
another study in the United Arab Emirates determined the median age of patients with
coinfections and reported it as 49.3 ± 12.5 years [6]. Additionally, a study conducted
in Spain also found that the COVID-19 patients who had fungal infections were mostly
62 years old [7].

2. Development of Fungal Infections during COVID-19

The common fungal infections prevalent in patients are aspergillosis, invasive can-
didiasis, mucormycosis, respiratory alveoli infection, and other epidermal infections. Viral
pneumonia is known to cause concomitant infections or secondary infections. One-fourth
of H1N1 patients during the 2009 pandemic had a bacterial or fungal infection, based on
a retrospective study. A similar pattern is observed in the case of COVID-19 patients [8].
Studies have documented more than six million fatalities worldwide and over 500 million
cases of invasive fungal infections in COVID-19 patients [9]. Asia, America, Europe, Africa,
and Australia reported 49.7, 23.2, 19.8, 6.6, and 0.5% rates, respectively, for the development
of opportunistic fungal secondary infection in COVID-19 patients [1]

Currently, a huge number of problems involving secondary health infections, idio-
pathic infections, iatrogenic infections, superinfections, and coinfections are prominent
among COVID-19-positive individuals [10]. Numerous risk factors make people prone to
fungal infections, such as respiratory difficulties, skin infections, black eye fungal infection,
immunosuppression, the requisite for supplemental oxygen, monoclonal antibodies, steroid
therapy, etc. Patients with COVID-19 experience adverse complications that are closely
related to opportunistic fungal infections, triggering the development of new terms for
coinfections, such as COVID-19-associated mucormycosis (CAM), COVID-19-associated
pulmonary aspergillosis (CAPA), and COVID-19-associated candidiasis (CAC) [10].

Some of the quintessential fungal infections seen in COVID-19-infected individuals
include aspergillosis, candidiasis, cryptococcosis, and mucormycosis. These infections
are caused by Aspergillus spp. Candida auris, Cryptococcus neoformans, and fungi belonging
to the Mucorales order, respectively [11]. The mechanism of pathogenesis of invasive
aspergillosis, mucormycosis, and cryptococcus fungal infections is presented in Figure 1.

2.1. Root Cause of Coinfection

Scientists and medical experts have affirmed that the ideal circumstances for fungi
to infect people with COVID-19 are low oxygen conditions brought on by the patient’s
hypoxemia, high glucose levels brought on by diabetes (a well-recognized risk element)
or steroid-induced hyperglycemia, decreased white blood cell phagocytic activity carried
on by the suppression of the immune response of the host by the virus and/or steroid
treatment, and an acid-rich environment brought on by diabetic ketoacidosis and elevated
ferritin levels due to elevated iron levels [12]. A cohort investigation in Wuhan, China,
looked at critical patients in acute respiratory distress. The results showed that patients
with longer hospital stays (more than 2 weeks), particularly those who were admitted to
the hospital’s ICU and required ventilator support, had an increased risk of developing a
fungal coinfection [12].
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Figure 1. Mechanism of the pathogenesis of invasive aspergillosis, mucormycosis, and cryptococcus
fungal infections and their complications (Created using Biorender.com).

2.2. Diabetes—The Main Inducer of Opportunistic Fungal Infection

Additionally, it has been demonstrated that patients infected with SARS-CoV-2 have
hyperglycemia, which almost doubles the chances of superinfection and coinfection. Mu-
cormycosis and candidiasis exhibited an especially high correlation with the disease, even
though diabetes raises the chance for many infections. It has been reported that in 101
mucormycosis cases linked to COVID-19, 80% of infected patients had diabetes mellitus
(DM) before infection [13]. Studies report a greater prevalence of fungal infections such as
mucormycosis in India because the country has the second largest population with diabetes,
which is an important risk factor [14].

The possible mechanisms that resulted in enhanced COVID-19 morbidity and fatality
by diabetes include reduction in viral clearance, depletion in T-cell function, elevation
in a cytokine storm, and prevention of the cascade of immune responses. Patients with
COVID-19 experience multiorgan damage as a result of hyperglycemia, which exacerbates
the cytokine storm and disturbs endothelial cells. People who have foot ulcers and chronic
diabetes are particularly vulnerable to fungal infection because damage to skin tissue
provides a site for the entry of fungal pathogens [15].

Patients with diabetes frequently have clinically uncontrolled diabetes and elevated
blood glucose levels, which are ideal for the rapid growth of filamentous structures. These
structures initially attach to the periphery of blood vessels and then penetrate them, forming
clogging entirely in a short period and leading to vast areas of ischemic necrosis [16].
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3. Fungal Infections in COVID-19 Patients

Fungal infections by opportunistic fungal species have become a serious cause of concern,
especially for COVID-positive patients, as they lead to increased hospitalization and fatality
rates. For a patient in the ICU, the increase in the number of hospitalization days in the ICU
and the incubation time corresponds to an increased risk of opportunistic fungal infections.
Consequently, this not only increases the period of stay in the hospital but also the death rates
in patients [4]. The incidences of various fungal infections have increased rapidly during the
COVID-19 pandemic. However, mucormycosis, invasive aspergillosis, and invasive candidiasis
are the most prevalent secondary infections occurring with COVID-19 [14].

3.1. Aspergillosis

Aspergillus species are widespread fungi that enter the host system by inhaling
airborne spores and can result in fatal infections, especially in hosts who are immunocom-
promised. Aspergillus species are frequently isolated from indoor environments such as
hospitals as well as soil, plant residues, and enclosed spaces. Aspergillus, primarily A.
fumigatus, causes lung diseases that result in a variety of clinical manifestations in the lungs.
Invasive pulmonary aspergillosis (IPA) is a serious condition that causes an increase in
the death rate of severely immunosuppressed individuals. In the absence of conventional
risk factors, critically ill patients without malignancies can indeed develop IPA. Locally
invasive chronic necrotizing aspergillosis (CNA) is a lung infection caused by Aspergillus
spp. CNAs are primarily found in mildly immunocompromised patients or those with
chronic lung disease [17]. Aspergillus spp. can also cause noninvasive lung diseases such as
aspergilloma and allergic bronchopulmonary aspergillosis (ABPA) [17].

Conidia production marks the beginning of Aspergillus’ infectious life cycle. Conidia
are ubiquitous and airborne in both indoor and outdoor settings. These airborne conidia
are the main source of infection in humans, and after being inhaled, they are then deposited
in the bronchioles or alveolar spaces [18]. Epithelial cells or alveolar macrophages, the
two main resident phagocytic cells of the lung, come into contact with conidia that are
not cleared by mucociliary clearance in healthy individuals. Alveolar macrophages are
primarily involved in phagocytosing and killing Aspergillus conidia and initiating pro-
inflammatory responses that recruit neutrophils (polymorphonuclear cells [PMN]) to sites
of infection [19]. Conidia that survive elimination by macrophages and germinate are
targeted for neutrophil infiltration, which destroys the hyphae. The chance of contracting
invasive aspergillosis (IA) is basically due to the breakdown in host defenses, combined
with fungal characteristics that allow A. fumigatus to survive and grow in the lungs [19].

Immunosuppression, resulting from neutropenia and induced by corticosteroids, is the
primary host immunodeficiency that contributes to the increased risk of IA. Cytotoxic med-
ications such as cyclophosphamide [20], which are prescribed to patients with hematologic
disorders or transplant recipients, are frequently used to treat persistent neutropenia, the
main risk factor for developing IA. Cyclophosphamide, a DNA alkylating agent, binds to
DNA, disrupts cell replication, and depletes circulating leukocytes, including neutrophils.

Many nonneutropenic patients undergo corticosteroid therapy. For instance, allogeneic
transplant patients generally receive corticosteroids for the prevention or treatment of graft-
versus-host disease. Patients with IA are predisposed to the disease, but the pathology
varies greatly. IA is nonvascular invasive in these patients, with limited fungal development,
pyogenic granulomatous infiltrates, tissue necrosis, and excessive inflammation [19].

Conidia of Aspergillus are so prevalent in the environment that breathing them in is a
common occurrence. It is estimated that an average person can inhale up to 200 conidia
per day. In a population prone to IA, pulmonary mucosal defenses are rendered inefficient,
leading to fungal colonization and proliferation [19,21]. Although new antifungal medica-
tions have been developed, the treatment of IPA is still difficult, with high death rates. As
soon as clinical suspicion of IPA exists, treatment should be taken into consideration, and
monitoring should be continued. Since many years ago, amphotericin B has been the first-
choice IPA, with doses of 1–1.5 mg/kg/day. However, amphotericin B can cause serious
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adverse events such as nephrotoxicity, electrolyte imbalance, and hypersensitivity. Both
avoiding patient hospitalization and using high-efficiency particulate filtration (HEPA) with
or without laminar flow ventilation are beneficial approaches. It was discovered through
a meta-analysis that itraconazole can shield neutropenic patients from fungal infections.
Chemoprevention studies with other antifungal agents (e.g., voriconazole, caspofungin,
micafungin) in high-risk patients are currently underway [17].

Chronic necrotizing aspergillosis (semi-invasive or subacute invasive aspergillosis)
occurs in the lung parenchyma as a result of local invasion by an Aspergillus species,
most commonly A. fumigatus [19,22]. CNA is typically linked with chronic lung conditions
such as COPD, previous pulmonary tuberculosis, thoracic surgery, radiation therapy,
pneumoconiosis, cystic fibrosis, pulmonary infarction, or (less commonly) sarcoidosis.
A meta-analysis revealed that itraconazole can shield neutropenic patients from fungal
infections [17,19].

3.2. Invasive Candidiasis

Invasive candidiasis is an opportunistic infection caused by Candida species in im-
munocompromised patients. Studies have revealed that over 90% of infections are caused
by the species C. albicans, C. glabrata, C. krusei, C. tropicalis, and C. parapsilosis. The yeast
genus Candida includes commensal microbes in humans that are prevalent on the skin and
mucous lining of the oral cavity and gastrointestinal and genitourinary tracts. They have
the ability to cause superficial and invasive infections in people with low immunity [23].
The incidence of this infection has increased rapidly across the globe [24]. It is a common
infection in seriously ill patients and is linked to significant morbidity and mortality [25].
Invasive candidiasis incidences have rapidly increased in recent years, affecting individuals
all over the globe [26].

The infection is noted to have a complex pathogenesis that is primarily influenced
by colonization, alteration of physical barriers, and deficiencies in phagocytes and/or
immunological responses that regulate invasion at the mucosal site [27]. Candida spp. are
generally commensal organisms present in the gut and skin. However, disruption of the
mucosal lining in addition to the weakened immune response by the host can facilitate the
transformation to opportunism that further introduces important virulence factors resulting
in the infection. The progression of invasive Candida infections is primarily caused by
three factors. This includes prolonged and repeated use of broad-spectrum antibiotics that
raise the number of Candida spp. in the gut by depleting the commensal microbiota, which
plays an important role in inhibiting the overgrowth of Candida. Other factors include a
rupture of the gastrointestinal and cutaneous lining and iatrogenic immunosuppression
due to immunosuppressive therapy or neutropenia induced by chemotherapy [28]. The
host’s immune response can be rendered ineffective against Candida spp., as they can avoid
complement attacks by two approaches. They can either express complement regulators on
the surface (such as Factor H, C4BP, plasminogen, etc.) or cause protease-dependent degra-
dation of complement proteins [29]. In an immunocompromised individual, superficial
candidiasis can easily transition into a severe invasive form, consequently accumulating in
vital organs and thus causing disseminated candidiasis. In the case of COVID-19 patients,
the drugs available further suppress the already suppressed immune response [30]. As one
of the most frequently detected pathogens, Candida is found to affect approximately 8 to
10% of patients in the intensive care unit (ICU). Several studies have shown an exponential
rise in candidemia cases [11].

Invasive yeast infections are among the serious COVID-19 complications that are being
recognized. Clinical factors such as prolonged ICU stays, central venous catheters, and the
use of broad-spectrum antibiotics may have a substantial impact on COVID-19 patients
acquiring the infection [11]. However, the exact mechanism of pathogenesis in COVID-
19-positive patients is yet to be understood. The absence of adequate information on the
possible risk factors that make COVID-19-positive people prone to infection, along with
this knowledge gap, could result in the misdiagnosis of secondary candidiasis in COVID-19
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patients. The important determinants that contribute to the development of candidiasis
in COVID-19 patients include ICU admission, antibiotics, corticosteroids, weak immunity,
deficiency of iron and zinc, etc. [31]. Furthermore, studies have also revealed that age is an
independent risk factor for mortality in invasive candidiasis patients, with individuals over
the age of 65 years found to be highly susceptible to the infection. The rising incidence of
infection in the immunocompromised elderly population in addition to the development
of treatment resistance may be contributing factors to the growing problem of invasive
Candida infections. Alterations in the pharmacokinetics and pharmacodynamics of older
individuals, particularly frail and severely ill individuals, are the reason for their experience
of adverse drug effects. Organ dysfunction, decreased homeostatic control, comorbidities,
and polypharmacy may make this situation even more challenging [31]. Thus, this infection
is a great cause of concern for COVID-19 patients because it elevates mortality rates [32].

To treat elderly patients, various antifungal medications can be utilized. However,
echinocandins are found to be the most efficient option with minimal adverse effects and
drug-drug interactions compared to other prophylactic regimens, with the exception of
their effectiveness against the resistant strains C. glabrata and C. krusei [33].

3.3. Mucormycosis

Mucormycosis is a severe fungal infection caused by Mucorales and is known to infect
immunocompromised individuals globally. There are six families in the order Mucorales
that cause superficial and deep infections. The majority of mucormycosis cases are caused
by the family Mucoraceae, and Rhizopus oryzae (Rhizopus arrhizus) is presently the most com-
mon infectious agent [34]. The Mucoraceae family also includes Absidiacorymbifera, Rhizopus
microsporus var. rhizopodiformis, Apophysomyces elegans, Mucor spp., and Rhizomucorpusillus,
all of which cause a wide range of infections [34]. An increase in cases of mucormycosis
due to infection with Cunninghamella spp. has also been reported [35].

Mucormycosis is a severe opportunistic fungal infection that results in increased hos-
pitalization and mortality in vulnerable population groups, such as immunocompromised
and elderly individuals over the age of 65 years. The prevalence of mucormycosis has
rapidly increased throughout the world, especially among people with COVID-19 [36].
Studies reveal that during the second wave of COVID-19 infection, India reported the
maximum incidences of mucormycosis because the country has the maximum cases of
diabetes mellitus, hypertension, and other metabolic deficiencies in aged populations com-
pared to the world [37]. These patients primarily experienced dyspnea and cough, and the
most typical laboratory test results were elevated levels of C-reactive protein (CRP), PCT,
D-dimer, ferritin, and lymphopenia [38].

Normal hosts’ mononuclear and polymorphonuclear phagocytes kill Mucorales by
producing oxidative metabolites and the cationic peptide defensin. Clinical evidence sug-
gests that phagocytic cells are the primary defense mechanism of the host against infection.
For instance, neutropenic patients have a greater chance of developing it. Furthermore,
patients with poorly functioning phagocytic cells are more likely to develop mucormycosis.
Increased susceptibility to infection in patients with elevated serum iron is a significant
clinical feature that has recently been identified. It has been acknowledged for 20 years that
patients on treatment with the iron chelator deferoxamine exhibit a significant increase in
cases of invasive mucormycosis. It is now known that deferoxamine does not encourage
Mucor infection through iron chelation [34].

Mucormycosis is distinguished by the nearly uniform presence of extensive vascular
infiltration, leading to vascular thrombosis and tissue necrosis. The ability of the organism
to propagate hematogenously from the initial site of infection to other target organs is
connected to this vascular invasion. As a result, a crucial part of an organism’s pathogenic
strategy may involve harming and invading the endothelial cells that line blood vessels [34].

The prevalence of mucormycosis is lower than that of other opportunistic fungal
infections, such as those caused by Candida and Aspergillus. According to population-
based studies, there are 1.7 cases of infection for every million people annually, which
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corresponds to approximately 500 cases in the United States annually. In serial autopsies,
the frequency ranges from one to five cases per 10,000 autopsies, 10 to 50 times lower
prevalence than invasive Candida or Aspergillus infections [34]. Furthermore, its incidence
is said to be 2–3% in high-risk patients, including individuals who have undergone allo-
geneic bone marrow transplantation. Mucormycosis can be segmented into at least six
different clinical categories based on its clinical signs and intervention at specific anatomical
sites: rhinocerebral, pulmonary, cutaneous, gastrointestinal, disseminated, and miscella-
neous [34,35]. With one-third to half of all mucormycosis cases, the rhinocerebral type
continues to be the most prevalent illness. Approximately 70% of rhinocerebral (sometimes
called craniofacial) incidences are reported in diabetic patients with ketoacidosis. In rare
cases, rhinocerebral mucormycosis develops in people who have solid organ transplants
or who have persistent neutropenia. Recently, there has been an increase in rhinocerebral
disease in patients undergoing hematopoietic stem cell transplantation. These cases are
primarily linked to the use of steroids in the treatment of graft-versus-host disease [39].

3.3.1. Development of Mucormycosis in COVID-19:

COVID-19 infection fosters an environment that is favorable to mucormycosis and
becomes more prevalent in patients who are battling or recovering from COVID-19 [40].
Humans can contract two different types of mucormycosis infection.

Superficial and Visceral
A specific type of mucormycosis called superficial mucormycosis frequently occurs

when fungal spores enter the host through a skin break. Surgical procedures, severe burns,
or other types of skin trauma are common triggers for this infection. Visceral mucormycosis
is more likely to develop in young children than in adults. Infants who are less than one
month old who were born prematurely, who had surgery and received antibiotics, who
were born underweight, or who are taking medications that weaken the body’s defenses
against infection are in the risk category [41].

Superficial: The skin, fingernails, and external ears all demonstrate superficial forms
of mucormycosis infection. Superficial mucormycosis is the third most prevalent clini-
cal manifestation. An opportunistic fungus of the phylum Glomeromycota causes the
emerging fungal infection known as cutaneous mucormycosis. Clinical implications of
cutaneous mucormycosis are nonspecific. It is frequently observed in diabetic patients and
immunocompromised individuals. It is crucial to identify the fungus as quickly as possible
to begin antifungal treatment. To increase survival in cases of cutaneous mucormycosis,
treatment requires multidisciplinary strategic techniques [42]. Comprehensive surgical
excision, antifungal therapy, correction of the underlying metabolic or immunological
status that is compromised, and management of any simultaneous infections should all be
part of this procedure [42].

Visceral: Pulmonary, gastrointestinal, and rhino-cerebral infections are manifestations
of the visceral type [43]. By consuming infectious agents in foods such as fermented
milk and dried bread products, one can develop gastrointestinal mucormycosis. Due to
the nonspecific nature of the disease’s presentation and the need for prompt endoscopic
biopsy analysis, gastrointestinal mucormycosis prognosis is typically delayed. The most
common risk factors are massive gastrointestinal hemorrhage, which is caused by the
fungus invading blood vessels and bowel walls, which can lead to bowel perforation,
peritonitis, sepsis, and other conditions [44].

Local and Disseminated
Skin lesions that tend to stay localized and can subsequently extend over months

and years are assumed to be the localized form of mucormycosis. One form that spreads
quickly and is considered fatal is disseminated mucormycosis. Nine percent of cases of
mucormycosis are caused by disseminated mucormycosis, which has a high mortality
rate [45].

Localized: The localized form of mucormycosis is rare and occurs as gastrointestinal,
endocarditis, osteoarticular, or isolated cerebral infections [22].
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Dissemination: Mucormycosis can be disseminated from one organ to another hematoge-
nously. The lung is most frequently associated with dissemination. Furthermore, the
digestive system, burns, and severe cutaneous lesions all contribute to the progression of
the disease. To diagnose mucormycosis earlier than usual, a metastatic skin lesion is used
as a significant marker. Disseminated mucormycosis will always be fatal if not properly
treated [44].

3.3.2. Types of Mucormycosis

Bloodstream-mediated further fungal hyphal dissemination results in a number of
infections, such as rhinocerebral mucormycosis, pulmonary mucormycosis, and gastroin-
testinal mucormycosis. The distinctive feature of rhinocerebral mucormycosis is caused by
tissue necrosis by angioinvasion and subsequent thrombosis [46]. Typically, these appear as
dark and necrotic eschars. Upon inhalation, the fungus enters the paranasal sinuses, from
which it may eventually spread to the sphenoid sinus, palate, and cavernous sinus [47].
Consequently, people with the infection may suffer from blurred vision, sinusitis, orbital
inflammation, facial pain or numbness, headaches, proptosis, ophthalmoplegia (weakness
of eye muscle), or even periorbital cellulitis [46].

Gastrointestinal (GI) mucormycosis, a rare, frequently opportunistic, potentially fatal
angio-invasive infection, affects 4 to 7% of all cases [48]. The stomach, colon, and ileum
are the three organs where GI mucormycosis is most prevalent. The most typical clinical
manifestations of GI mucormycosis include generalized abdominal distention and pain
in addition to nausea and vomiting [47]. A biopsy of the suspected area is typically used
to make the diagnosis during surgery or endoscopy. Early diagnosis, effective and timely
antifungal therapy, and surgical debridement are necessary for successful management [48].

A significant proportion of immunosuppressed individuals have a rare fungal infection
known as pulmonary mucormycosis (PM) [49]. Pulmonary mucormycosis is characterized
by fever, hemoptysis, and tissue infarction [50]. Over the past few years, early diagnosis,
surgical excision, and newer antifungal medications have all enhanced the prognosis and
consequences of this infection [50]. Early diagnosis and risk factor management, appro-
priate surgical removal, and prior to treating any of these coinfections, proper antifungal
medication must be administered.

Hospitalized COVID-19 patients, particularly the aged population, as well as individu-
als with severe symptoms who require mechanical ventilation, are provided corticosteroids
to relieve some of their symptoms. However, it is well known that steroids can impair a
patient’s immune system, elevate blood sugar, and generally raise levels of clotting factors
and fibrinogen. This circumstance gives pathogens a chance to infect the host while eluding
the human immune system. Recent studies have shown an increasing number of cases
of mucormycosis in COVID-19 patients who have been hospitalized or recovered. An
invasive, potentially deadly fungal infection that primarily affects people with weakened
immune systems and damages the nose, eyes and brain. Patients with type 2 diabetes,
autoimmune diseases, iatrogenic suppression of the immune system, or hematologic can-
cers and patients with organ transplants with blood glucose levels above 220 mg/dL are
particularly susceptible to this condition [8].

3.4. Miscellaneous Fungal Infections

Numerous studies have been performed on COVID-19 patients and associated fungal
infections. These studies reveal that various other rare or less frequent fungal species, such
as Histoplasma spp., Cryptococcus spp., and Pneumocystis jirovecii, are also rapidly increasing
and causing superinfections. The most efficient diagnostic methods for the detection of
fungal infections include a sputum test, RT-PCR, and CT scan of the chest [3]. The elderly
population is highly vulnerable to such secondary infections due to reduced immunity. The
risk of invasive fungal infections increases many-fold by infection with SARS-CoV-2 [51].

Pneumocystis jirovecii: Pneumocystis jirovecii has been identified in severe cases of
COVID-19, causing coinfection with Pneumocystis pneumonia. Those who were immuno-
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suppressed and infected with SARS-CoV-2 displayed substantial lymphopenia and altered
lymphocyte functions, explicating the high detection rates of the fungus [3]. This secondary
infection is rare but critical in worsening patients’ conditions and ultimately leading to their
deaths [52]. Pneumonia caused by P. jirovecii is also reported to lead to rehospitalization of
patients recovering from COVID-19 [52].

Cryptococcus spp.: Cryptococcus species, especially Cryptococcus neoformans, are reported
to cause cryptococcal disease in immunocompromised patients. Studies have revealed
that this opportunistic species causes coinfections in COVID-19 patients with an increase
in the risk of mortality within 30 days of infection. Therefore, it is crucial to detect the
infection at an earlier stage to reduce the mortality rate [3]. At the age of 65 years and older,
respiratory conditions and corticosteroid use with a daily dose of corticosteroids equivalent
to 5 mg of prednisone are all significant risk factors for serious infection by C. neoformans
in tocilizumab-treated patients [53]. It is also reported to cause fatal disseminated infections
in immunosuppressed individuals. Studies suggest that this fungus can cause serious
cryptococcal meningitis posttreatment of COVID-19 with the drug dexamethasone in
susceptible groups [54].

Histoplasma spp.: Disseminated histoplasmosis is reported to develop in immuno-
compromised individuals. Coinfection of COVID-positive patients with Histoplasma spp.
increases the severity of symptoms such as respiratory failure. To lower the risk of death
from such infections, effective and proactive diagnosis and treatment are required [55].
Those with severe COVID-19 and those receiving large dosages of steroids and immuno-
suppressants are among the groups at risk for developing histoplasmosis [56]. Histoplasma
capsulatum is known to cause severe acute disseminated histoplasmosis in individuals with
no history of infection by this species but develops it post-infection by SARS-CoV-2 [51].

Table 1 discusses the recent studies on coinfection by fungal pathogens, which are
rapidly rising in COVID-positive patients.

Table 1. Studies on opportunistic fungal infections in COVID-positive patients.

Pathogen Study Type with
Reference Population Risk Factors Comments

Aspergillus
spp.

Retrospective
analysis [57]

The study was
conducted on

70 patients of a
tertiary hospital in

North India.

• Diabetes mellitus

• The probability of developing the con-
dition increases drastically due to co-
morbidities such as Diabetes mellitus.

• Aspergillus causes angioinvasive in-
fections.

• The diagnostic approaches followed
in the study include a clinical and ra-
diological examination.

• The frequent symptoms in patients
were headache, nasal congestion,
palatal ulcer, and loss of vision with
facial pain and swelling.

Prospective study
[58]

The study was
performed on 10

patients with subacute
invasive pulmonary
aspergillosis at All
India Institute of
Medical Sciences

(AIIMS), New Delhi,
India

• Steroid administration
• Diabetes

• The main symptom observed in pa-
tients was cough and preceded by
hemoptysis.

• In this study, clinical, radiologi-
cal, and microbiological examination
tests were performed to identify the
pathogen.

• Serum galactomannan detection and
molecular techniques such as PCR
were also employed for the diagnosis
of the infection.
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Table 1. Cont.

Pathogen Study Type with
Reference Population Risk Factors Comments

Retrospective
study [59]

The study was
conducted on patients

from two tertiary
hospitals in the

United Kingdom.

• Hypertension

• The mortality rate of COVID-19-
associated pulmonary aspergillosis
is much higher compared to normal
COVID-19 patients.

• The diagnosis mainly depends on the
study which includes clinical exami-
nation, RT-PCR, matrix-assisted laser
desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF)

Candida
spp.

Retrospective
analysis [60]

The data was obtained
from people infected

globally.

• Diabetes
• Obesity
• Hypertension
• Old age
• Corticosteroid and steroid ad-

ministration
• Prolonged ICU admission
• Usage of broad-spectrum an-

tibiotics
• Kidney diseases
• Mechanical ventilation

• Laboratory, imaging, and clinical ex-
aminations are the important diagnos-
tic approaches followed in the study.

• Prolonged antifungal usage can lead
to bloodstream infections.

Prospective
research [61]

The study considered
populations from low,

middle, and
high-income

countries.

• Administration of antibiotics
• Central venous catheters
• Corticosteroid administration
• ICU admission

• The common diagnostic approaches
include clinical and radiological tech-
niques. In some cases, invasive di-
agnostic techniques such as histology
and autopsies are used.

• Interleukin inhibitors or tocilizumab
could also be one of the causes of fun-
gal infections caused by Candida spp.,
Histoplasma spp., and Pneumocystis
jirovecii.

• Fluconazole resistance is observed in
a majority of C. auris strains.

Species of
order

Mucorales

Retrospective
analysis [13]

The study was
performed on 101
patients, where 82

were from India and
19 were from other
parts of the world.

• Diabetes
• Overuse of corticosteroids

• The data was retrieved from RT-PCR-
based diagnosis.

• Higher incidences in males.
• Rhino-orbital type is the second most

prevalent form of the condition, pre-
ceded by nose and sinus mucormyco-
sis.

Prospective study
[62]

This study is
generalized for the
complete human

population.

• Suppressed immunity
• Presence of comorbidities

• The study discussed various molec-
ular assays and techniques such as
CRISPR-Cas 9, MALDI-TOF, sequenc-
ing analysis, PCR-based approaches,
etc., for accurate and reliable detec-
tion of the causative species.

• Globally, the rhino-orbital-cerebral
type of mucormycosis has the max-
imum prevalence.

• Many common antifungal agents are
rendered ineffective for the treatment
of mucormycosis.

• Several ongoing studies are targeting
different resistance mechanisms of the
pathogen to design novel effective,
treatment options.

Retrospective
cross-sectional

study [40]

All patients with
COVID-19-associated
mucormycosis in the

Assiut University
Hospital were

participants in the
study.

• Males
• Smokers
• Hypertension
• Diabetes
• Prolong inflammation
• Misuse of steroids.

• The study discussed the detection
techniques such as laboratory-based
techniques, radiology, histopathology,
and surgery.
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Table 1. Cont.

Pathogen Study Type with
Reference Population Risk Factors Comments

Retrospective
study [63]

The majority of work
was on Indian

populations. However,
reports of

COVID-19-associated
mucormycosis from

other parts of the
world are also

included.

• Obesity Formation of cytokine
storm

• Use of contaminated nonsterile
clinical objects

• The diagnostic techniques discussed
include radiographic and histopatho-
logical studies.

Retrospective
analysis [64]

The study focused on
the complete human

population.

• Hyperglycemia
• Suppressed immunity
• Transplantation
• Ketoacidosis
• Neutropenia
• Diabetes.

• The diagnosis techniques in practice
are clinical examinations (such as
ocular examination), imaging tech-
niques (such as Computerized To-
mography scan, Magnetic Resonance
Imaging, and endoscopy), histopatho-
logical studies, and microscopic exam-
ination using culturing and molecu-
lar detection using qPCR and RLFP.
The MALDI-TOF technique is used
for confirmatory diagnosis.

Pneumocystis
jirovecii

Prospective study
[65]

The study aimed to
discuss Pneumocystis

pneumonia with
respect to the general
human population.

• Enhanced inflammatory
response

• Immuno-deficiency
• HIV infection
• Corticosteroid administration

• Detection of Pneumocystis jirovecii
is difficult specifically in the case of
COVID-19 patients because the meth-
ods that offer desired sensitivity in-
volves invasive sampling methods.

Retrospective
study [66]

The study focused on
a 52-year-old male

patient from Romania.

• COVID-19 or HIV
• Administration of immunosup-

pressants
• Malignancies
• Immunodeficiencies

• The clinical and radiological examina-
tion can yield false negative results.

• Bronchoscopy and bone marrow
biopsy can provide a diagnosis of the
condition when the imaging and lab-
oratory tests prove to be inefficient.

Retrospective
study [67]

The study reports the
case of a 71 year old
male patient from

Iran.

• Cancer

• The diagnosis requires invasive sam-
ple collection techniques to provide
sensitivity to the examination, there-
fore not recommended for serious pa-
tients.

• Commonly used techniques for diag-
nosis include qPCR, β-D-glucan test,
imaging, and serological tests.

Cryptococcus
spp.

Retrospective
study [68]

The study focused on
a male patient in his
early 1970s from the

USA.

• Autoimmune diseases
• Diabetes mellitus
• Cancer

• Microscopic analysis of blood culture
can be used to detect the infection of
cryptococcus.

• The other approaches include his-
tological diagnosis using chemical
or immunofluorescence staining tech-
niques, and RTqPCR.

Retrospective
study [69]

The study aimed to
analyze

cryptococcosis in
COVID-19 patients in
the global population.

• Chronic disorders

• Imaging techniques (such a CT scans,
and MRI), serological tests, clinical
examination, and bronchoscopy are
some of the diagnostic techniques em-
ployed for the detection of Cryptococ-
cus spp.

• Cryptococcosis was associated with
enhanced fatality among COVID-
patients.

Retrospective
analysis [70]

The study was
performed on a

46-year-old male
patient in South

Korea.

• Alteration of immune response
to COVID-19 infection

• The detection of Pulmonary cryp-
tococcosis was performed by
histopathological studies of the
biopsy samples obtained from the
lesions of the lung of the patient.
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Table 1. Cont.

Pathogen Study Type with
Reference Population Risk Factors Comments

Histoplasma
spp.

Retrospective
analysis [55]

A 61-year-old male
patient from Texas
with a history of

obesity, hypertension,
diabetes, and

hypothyroidism.

• Suppressed immune response

• CT-guided percutaneous needle
biopsy of the infected lung tissue
followed by a histopathological study
of the biopsy sample was performed
for diagnosis.

Retrospective
analysis [71]

The study focused on
a kidney transplant

recipient from
Argentina having

COVID-19 and
disseminated

histoplasmosis.

• Kidney transplantation

• The effective detection method for
histoplasmosis is a microscopic exam-
ination of biopsy samples.

• The diagnostic techniques include
molecular PCR approach, CT scan,
serological examination, bronchoalve-
olar lavage, tissue biopsy, and urine
analysis.

Retrospective
analysis [56]

The study was aimed
at a 65-year-old

female patient from
India with a comorbid

condition of
nonalcoholic

steatohepatitis
associated chronic

liver disease.

• Old age
• Suppressed immune response

• Lung biopsy and serological exami-
nation are important diagnostic ap-
proaches.

4. Impact of Fungal Infections on Recovery

In 2021, several reports from all over the world brought forth another catastrophe, i.e.,
the growing number of fungal coinfections in COVID-19 patients. Patients over the age of
65 who had previously been infected with COVID-19 and were now undergoing a recovery
period have a higher risk of getting infected with fungus because their already weakened
immune systems deteriorated with the treatment strategies used against the virus. This
causes the immune system to be less effective against fungal assault [1]. In addition, severe
COVID-19 causes an increase in proinflammatory mediators, such as IL-1, IL-6, and tumor
necrosis factor-alpha (TNF-α), less CD4 interferon-gamma (INF-γ) expression, and fewer
CD4 and CD8 cells, which enhance susceptibility to both bacterial and fungal infections
inside the body [3]. Basile et al. presented how in 23 countries, there were more COVID-
19-infected patients who had fungal infections in the age group of 50 and above than in
the younger age group [1]. A study conducted in India by Munipati et al. discovered that
the predominant population that had post-COVID fungal infections belonged to the age
bracket of 41–60 years, followed by the population between 61–71 years [72].

These COVID-19-associated fungal infections have been more prevalent, and more
time is required for the recovery of an aged patient who had just overcome the COVID-19
infection. COVID-19-associated pulmonary aspergillosis (CAPA) is more severe because
the clinical symptoms and radiological results are very similar to those of severe COVID-19,
making detection of the disease difficult. The pathological blood tests used for diagnosis
of the fungi lacked sensitivity because of the invasion of the airway by Aspergillus and the
removal of Aspergillus galactomannan (GM) from the systemic circulation by neutrophils in
patients who were nonneutropenic [61]. This brought about a clinical picture of the fungal
infection that differed from the primarily angio-invasive invasive pulmonary aspergillosis
(IPA), as was seen in patients with neutropenia; CAPA is frequently limited to causing
airway invasive growth for numerous days before it finally becomes an angio-invasive
phenomenon. However, the death rate increases to over 80% when CAPA becomes angio-
invasive and releases positive serum GM, even though systemic antifungal therapy is
being given to control it. [73]. Bronchoscopies were sparsely carried out, particularly in
the early days of the pandemic, due to the high risk of COVID-19 transmission in this
case. Prior detection is possible through testing of bronchoalveolar lavage (BAL) for CAPA.
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The results of CAPA have been alarmingly poor; studies estimate that CAPA contributed
independently to an increase in mortality rates of more than 40% [61].

One of the main causes of invasive yeast infections in COVID-19 patients is prolonged
hospitalization, followed by the use of central venous catheters and broad-spectrum antibi-
otics. Several studies have revealed a high prevalence of Candida infections in COVID-19
patients, making Candida and several of its species potential pathogens in such patients.
Candida species are most predominantly reported on the skin’s mucosal surfaces, as well
as the respiratory, urinary, and gastrointestinal tracts [28]. Organisms of the genus Candida,
with Candida albicans being the major species, are the most common types of pathogenic
yeast recovered from ICUs, affecting 6% and 10% of the patients admitted. C. albicans and
C. auris infections were related to significantly high comorbidities and death rates. In the
case of neutropenic patients and patients being treated with azole therapy, infection by
other less common species, such as C. glabrata, C. dubliniensis, C. parapsilosis, C. tropicalis
and Pichia kudriavzevii, which is known as C. kruseias, was especially observed and re-
ported [23,74]. Invasive candidiasis fatalities among ICU patients are between 19% and
40%, but they can reach up to 70%. In addition, other yeast pathogens, such as Rhodotorula
and Saccharomyces, can also cause infections in these patients. [74]. Thus, Candida in-
fections fatally increase the severity of infection among elderly COVID-19 patients and
dangerously jeopardize their recovery from the disease [75].

Studies have demonstrated that the primary causes of COVID-19-associated mu-
cormycosis are an extremely weak immune system, prolonged and heavy steroid use,
and broad-spectrum antibiotics used during the treatment of seriously ill SARS-CoV-2
patients [76]. Sinonasal mucormycosis infection is an acute invasive fungal infection, and es-
pecially in immunocompromised patients, it is disseminated faster to the other organs [72].
Rhinocerebral mucormycosis is very dangerous, as it causes the death of the patient within
a week if the doctor is unable to correctly diagnose the infection. The hemorrhage and
tissue destruction (tissue necrosis) caused by the fungus are extremely severe and some-
times spread to the gastrointestinal tract, skin, and lungs, which further causes a delay
in the complete recovery of the patient. Due to a complete lack of circulating neutrophils
brought on by hematologic malignancies such as leukemia and lymphoma, patients also
experience severe immunocompromised conditions [77]. The effects of mucormycosis
were more severe in patients with diabetes, and in some cases, the disease’s effects were
so serious that the doctors had to perform surgical removal of the patient’s diseased jaw
and eyes to stop the spread of the illness throughout the body. It is crucial to correctly
identify opportunistic fungal infection at the outset. The diagnosis will depend on early
identification of risk factors, clinical symptoms, and radiological abnormalities, as well
as confirmation by culture and biopsy until better molecular diagnostic techniques and
biomarkers are made available.

There were certain other fungal diseases, such as valley fever (coccidioidomyco-
sis), blastomycosis, and histoplasmosis, that could cause symptoms such as cough, fever,
swelling face, and shortness of breath, which are comparable with those of COVID-19 and
bacterial pneumonia. These soil-dwelling fungi can be transmitted between people through
inhalation, as they are air-borne pathogens that can hinder the recovery of patients [74].

Thus, it is important that these fungal infections are correctly diagnosed with suitable
methods to lessen their impacts and prevent them from spreading so that aged patients can
recover faster and in a healthier way.

5. Prevention, Diagnosis, and Treatment
5.1. Prevention

Recent research has demonstrated that healthy diets, raw food nutrients, natural
products, and micronutrients, including conventional herbal treatments such as Chi-
nese medicine, can reduce hospitalization and the severity of the pulmonary impact of
COVID-19 [78,79]. Predicting severe and immediate respiratory distress following SARS-
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CoV-2 infection may be controlled with a basic understanding of people’s nutritional status
and oxidative scavenging capacity [80–84].

Effective methods for avoiding and reducing the prevalence of SARS-CoV-2 include the
practice of social distancing and the creation of appropriate space arrangements. Physical
distance can be an inefficient approach in a crowded setting. A method based on simulation
integrates physical-distancing pedestrian dynamics with an infection judgment framework
to determine the effect of spatial management on the fine-scale transmission of disease [85].

A complete shutdown might be considered the most effective way to stop and control
the COVID-19 outbreak in public areas, but it results in enormous financial losses. Addi-
tionally, some public spaces must remain open to support fundamental social functions and
meet bare necessities. Social distancing, sanitation, and disinfection practices in addition to
precautionary measures are some of the important recommended approaches to control the
spread of infection [86].

The current requirement is to modify diet and lifestyle practices to lessen the effects of
complications associated with infection [87–90].

5.2. Diagnosis

A population of immunocompromised people who are at high risk during the COVID-19
pandemic is particularly vulnerable to invasive fungal infections. The majority of conven-
tional regular diagnostic techniques, such as histopathology, are still regarded as the gold
standards; however, due to their low sensitivity, there is an increased need for the establish-
ment of newer techniques for identifying pathogens with a fungal nature. Several novel
molecular and serologic techniques have been developed, and many of them are under
clinical evaluation to test their sensitivity, such as that of the Galactomannan Antigen Test
for Aspergillosis [91]. PCR and added molecular approaches, such as matrix-assisted laser
desorption ionization (MALDI) and fluorescence in situ hybridization (FISH), have demon-
strated reliable results in clinical trials but must be standardized prior to being introduced
for clinical applications [92]. Here, the diagnostic approaches for the main three invasive
fungal diseases, aspergillosis, candidiasis, and mucormycosis, are tabulated in Table 2.

Table 2. Diagnostic approaches for invasive fungal infections.

Serial Diagnostic
Technique Principle Advantage Disadvantage Comment Reference

1.
Potassium
hydroxide

test

Nonfungal
components are

completely
dissolved by the

potassium
hydroxide (KOH)

solution and fungal
hyphae and yeast

cells are visualized
under a microscope.

• Use of very simple in-
struments to perform a
preliminary experiment
and detect the fungus.

• Easy to perform with
minimal requirement of
technical assistance.

• Economical

• The strains of the fun-
gus in the present spec-
imen are very difficult
to distinguish.

• Requires experience to
efficiently remove the
cellular material from
the background to facil-
itate easy distinction.

• This quick test is fre-
quently used to diag-
nose superficial fungal
infections and is fre-
quently carried out in
pathology or microbiol-
ogy labs.

[93,94]

2. Biopsy

Infected body tissue
is obtained from the
patient to check for
the infection. It is

often performed in
combinations such
as CT scan guided
or video-assisted

methods to
surgically obtain the

sample in cases of
deep tissues.

• The sensitivity and
specificity of this
method are 100%

• Very invasive.
• It can be harmful to

people who are vulner-
able to invasive infec-
tions (For instance, in
the scenario of a deep
tissue biopsy).

• Requires trained practi-
tioners to perform it.

• Gold standard diagnos-
tic technique [92,95,96]
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Table 2. Cont.

Serial Diagnostic
Technique Principle Advantage Disadvantage Comment Reference

3. Antibody
testing

Includes
immunodiffusion,

complement
fixation, and

enzyme
immunoassay with
immunodiffusion

detecting antibodies
precipitating with
Histoplasma M and

H antigens.

• A very specific test can
be conducted in labora-
tories with mediocre set-
ups.

• Provides positive results
in cases where samples
are difficult to obtain.

• Positive results reduce
the requirement of cul-
turing the samples.

• Less invasive.

• Due to antibody cross-
reactivity with other
viruses, there are high
chances of receiving
false positive results in
antibody immunoas-
says.

• Low sensitivity and
specificity.

• This nonculture-based
immunodiagnostic
test method is most
preferred in cases to
establish the infection of
endemic mycoses.

[94,95,97]

4.

Polymerase
Chain

Reaction
(PCR)

In vitro replication
of DNA or RNA
with the help of

polymerase enzyme.
It provides accurate

molecular
identification of the

fungal pathogen.

• Accurate identification
of the species of fungus
involved.

• Does not require live
cells for the process.

• Most of the PCR fungal
assays are not standard-
ized.

• Expensive approach as
it requires organism-
specific probes for
detection.

• Although there are nu-
merous commercial and
internal tests available,
there are no PCR assays
for Candida that have
been FDA-cleared.

[38,95]

5.

Matrix-
assisted

Laser
Desorption
Ionization
(MALDI)

An analytical
technique in which

the organism is
identified based on

its peptide mass
fingerprint.

• Very fast and does not
take more than five
minutes to correctly
identify microorganisms
from isolated colonies.

• Can identify the strains
directly from blood,
cerebrospinal fluid, and
urine.

• Efficient in identify-
ing filamentous fungi
(95% accuracy for As-
pergillus).

• Can only be found in
sophisticated laborato-
ries because of the high
initial setup costs.

• Accuracy is low for two
pathogens that have
similar mass spectra.

• MALDI-TOF in conjuga-
tion with an antimicro-
bial stewardship team re-
duced organism identifi-
cation time, thereby im-
proving outcomes for pa-
tients and antimicrobial
agent selection. Effi-
cient in identifying fila-
mentous fungi and Can-
dida spp.

[38,92,98,99]

6.

Fluorescence
in situ hy-

bridization
(FISH)

An approach
employs fluorescent

probes to identify
specific regions on

the genomes of
microbial pathogens
in human samples,

which could be
detected by
fluorescence
microscopes.

• Highly accurate detec-
tion of the pathogen.

• Easy detection directly
from blood smear, with-
out the requirement of
amplification of nucleic
acids.

• False positive and neg-
ative results

• Incomplete hybridiza-
tion

• Nonspecific binding
• Expensive

• Can be used even in
frozen tissue sections. [92,99,100]

7.

Beta-D-
glucan
(BDG)
testing

Factor G has been
identified to be a
component that

interacts with BDG
from fungi.

• In comparison to more
focused assays for can-
didiasis, BDG has a sig-
nificant benefit for detec-
tion.

• The absence of effec-
tive sensitivity and
specificity for a con-
clusive diagnosis with
a positive test result
is one drawback of
β-D-glucan analysis.

• Beta-d-glucan is an en-
ticing antigen since it is
prevalent in a wide vari-
ety of fungal organisms,
including Candida spp.,
Aspergillus spp., and
Pneumocystis jirovecii.

[101]

8.

Serological
testing for

Histoplasma
detection

These tests are
based on

antigen-antibody
interactions.

• Leading diagnostic test
for detection of Histo-
plasma spp.

• Noninvasive, widely ac-
cessible, and high sensi-
tivity, and specificity.

• The major limitation is
the cross-reactivity of
antibodies during the
testing.

• Occurrence of false pos-
itives.

• The antigen testing
method is more efficient
than antibody testing
due to greater sensitivity
and specificity

• The detection of anti-
gens in urine has greater
sensitivity than serum
in all types of histoplas-
moses. A combination
of antigen and antibody
examination can facili-
tate improved sensitiv-
ity in diagnosis.

[102]
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Table 2. Cont.

Serial Diagnostic
Technique Principle Advantage Disadvantage Comment Reference

9.
BAL Galac-
tomannan

testing

This type of
Galactomannan

testing is done on
bronchoalveolar
lavage (BAL). In

this technique, an
instrument is

passed through the
oral or nasal

passage and a fluid
is released into a

region of the lung
that collects the

fungi and microbes
present in the lungs
and analyzes them

using ELISA.

• It is considered the most
accurate test for the de-
tection of Invasive As-
pergillosis.

• The test has high sensi-
tivity and specificity for
Invasive Aspergillosis.

• ·

• As the test is invasive,
it is not employed for
regular screening but
only on patients with
the risk of Invasive As-
pergillosis.

• The tests present consid-
erable heterogeneity.

• It is useful in differenti-
ating people with a high
probability of develop-
ing Invasive Aspergillo-
sis and people with a
lower possibility of de-
veloping it.

[103,104]

5.3. Treatment

The complex medical circumstances of elderly COVID-19-positive individuals and the
inapt collection of their clinical samples have caused the majority of opportunistic fungal
infections, primarily mucormycosis, aspergillosis, and candidiasis, in this group of patients
to be misdiagnosed [105]. This has caused serious repercussions during their COVID-19
recovery period as well.

The European Confederation of Medical Mycology (ECMM) and mycosis study group
education research consortium developed different approaches and management of mu-
cormycosis [38]. Prompt and complete surgical treatment should be taken first, and sys-
temic antifungal drugs such as isavuconazole and proconazole should be given as first-line
management. The treatment of SARS-CoV-2-associated pulmonary aspergillosis (CAPA)
is generally divided into two categories: allergic aspergillosis and invasive aspergillosis.
Voticonazole, posaconazole, isavuconazole, itraconazole and lipid amphotericin B formu-
lations can be given in the treatment of invasive aspergillosis. During treatment with
antifungal drugs, if the patient develops aspergilloma, then surgery may be required [106].
A novel echinocandin and biafungin is currently under preclinical studies and has shown
early promise in mouse models as a once-in-week treatment for the prevention of IA [107].
C. auris is usually treated with echinocandins, as it is rarely susceptible to azoles or ampho-
tericin B. During treatment, therapeutic drug monitoring should be required to optimize
the efficacy and limit the toxicity of azoles [108]. The combination therapy of trimethoprim
and sulfamethoxazole has been given as a treatment for pneumocystis pneumonia infection.
Instead, corticosteroids can also be used for moderate to severe pneumonia [109]. Early
detection of infection and recommended treatment with antifungal drugs may be helpful
in the prevention of disease.

In a recent small, retrospective study, patients with diabetes who received combination
LFAB-caspofungin therapy had significantly better outcomes for rhino-orbital-cerebral mu-
cormycosis than those who received polyene monotherapy [110]. One of the preclinical and
confined retrospective clinical findings indicated that combining LFAB and echinocandin
therapy might indeed enhance mucormycosis survival.

• Patients receiving protracted treatment for chronic pulmonary aspergillosis showed
similar outcomes in a different retrospective study. When compared to patients who
received voriconazole, patients who received isavuconazole experienced markedly
fewer side effects [111].

• In a recent cohort study, Shoham et al. found that 32% of 32 patients with hematological
malignancies and respiratory infections responded to LAmB as the initial treatment
for mucositis [110].

• The two most recent preclinical studies have looked at the effectiveness of the posacona-
zole combination for murine mucormycosis. According to that study, posaconazole
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plus LAmB did not extend survival in mucormycosis-infected neutropenic or DKA
mice over LAmB monotherapy [110].

Proper early diagnosis and suitable antifungal treatment strategies thus become nec-
essary to treat fungal infections at the earliest. Additionally, since the management of
fungal infection in such patients costs a considerable amount of wealth to both the public
and private sectors per annum, appropriate planning must be done while laying out the
treatment strategies, which should not only be the most effective means of healing but also
the most economical one. This is crucial for low- and middle-income countries, where a
lack of resources has a significant impact on the availability and effectiveness of therapeutic
approaches. [62].

In Table 3, the presently available treatment options for the invasive fungal infections
of aspergillosis, candidiasis, and mucormycosis are summarized.

Table 3. Treatment measures for invasive fungal infections.

Fungal
Infection

Available
Treatments Comment Clinical Data Reference

Aspergillosis

Voriconazole with
the dose range of
6 mg/kg IV every

12 h per day,
followed by 4

mg/kg every 12 h
for 6–12 weeks.

For Per oral
administration
200 mg at every

12 h

• Voriconazole is available in tablet,
IV, and suspension formulations
for the treatment of invasive as-
pergillosis.

• Reported to cause liver and gas-
trointestinal abnormalities.

• Voriconazole has 96% oral
bioavailability and causes high
CNS penetration.

• In phase II and III clinical trials,
voriconazole showed exemplary
clinical efficacy in human sub-
jects.

• A randomized trial involving
144 patients. In a comparative
study in which IV amphotericin
B deoxycholate and voriconazole
were given to different patients;
after 12 weeks the survival rate
was 70.8% in the voriconazole
group and 57.9% in the ampho-
tericin group.

[112–115]

Isavuconazole in
the dose range of
200 mg every 8 h
per 6 doses, then
200 mg IV or oral

daily for 6–12
weeks.

• Isavuconazole, a potent second-
generation triazole available in
capsule and IV formulations in
the treatment of IA.

• Reduced efficacy as both
Voriconazole and Isavuconazole
are substrates for CYP3A4 en-
zyme in the liver. It reduces
drug-drug interaction compared
to other triazoles

• An interventional open-label trial
involving 149 patients investi-
gated that Isavuconazole was
found to be effective and gener-
ally well tolerated in international
phase III clinical trials for the
treatment of invasive aspergillo-
sis fungal infection.

[112,113,116,117]
NCT00634049

Posaconazole was
administered in

the dose range in
IV 300 mg twice

daily and then 300
mg once daily for

6–12 weeks.

• Posaconazole is available in
slowly released tablets, oral
suspension, and IV formulation
to treat refractory IA.

• If obtainable, only to be utilized
as a second therapeutic option.

• The FDA has authorized the use
of posaconazole (Noxafil, Scher-
ing Corporation, Kenilworth, NJ)
in immunocompromised patients
as a preventative treatment
against invasive Aspergillus and
Candida fungi infections.

• An open-labeled trial stated the
use of posaconazole as a salvage
therapy for IA patients who were
intolerant of previous antifungal
treatment. The overall success
rate was 42% for posaconazole.

[112,118–120]



Vaccines 2023, 11, 555 18 of 26

Table 3. Cont.

Fungal
Infection

Available
Treatments Comment Clinical Data Reference

Liposomal
amphotericin B

should be
administered at a

dose of 3–5
mg/kg per day.

• IV amphotericin B binds to er-
gosterol in a fungal membrane
by forming pores leading to cell
death.

• L-AmB has shown a positive cor-
relation between in vivo suscepti-
bility and clinical outcomes in IA
patients

• Patients with COVID-19 who
have renal dysfunction ought to
avoid it.

• Side effects of LAmB such as di-
arrhea, nausea, vomiting, elec-
trolyte imbalance, and nephrotox-
icity.

• In a pooled analysis trial investi-
gating L-AmB for the treatment
of IA and other fungal infections
in immunocompromised individ-
uals, the response observed ap-
proximately 51% of cases of fun-
gal infections.

• L-AmB remains sensitive against
most Aspergillus spp, and in-
creasing rates of elevated MICs
>2 have been reported for As-
pergillus fumigatus.

[61,112,113,121,122]

Invasive
Candidiasis

Echinocandins
such as

anidulafungin,
caspofungin, and

micafungin

• Echinocandins, the newest class
of antifungals, exhibit fungicidal
effects in Candida species.

• It is act by inhibition of β-D-
glucan synthase.

• The combination of drugs meets
with severe drug resistance from
the fungal isolates obtained from
the COVID-19 patients.

• A novel echinocandin rezafungin
with a dose once every week has
produced activity against Can-
dida species.

• According to a recent meta-
analysis of randomized clinical
trials in C/IC, echinocandins
were not inferior to other relevant
antifungals in terms of efficacy
but had a greater safety profile.

• Rezafungin is a novel echinocan-
din with unusual stability, solubil-
ity, and a long half-life. Phase 3
trials will provide the data on effi-
cacy for the treatment of invasive
candidiasis.

[123–125]

Combination of
Azoles such as

fluconazole,
voriconazaole and

itraconazole,
posaconazole and

ravuconazole

• As described earlier azoles inhibit
lanosterol 14α demethylase, an
enzyme for ergosterol biosynthe-
sis.

• Causes limiting toxicity of the
drug.

• Azoles revealed fungistatic activ-
ity against Candida spp

• It is an FDA-approved drug to
treat various kinds of invasive
candidiasis.

• Study stated that resistance
to fluconazole is most com-
mon in C.auris, C.glabrata and
C.parapsilosis.

[3,19,126,127]

Lipid formulation
of Amphotericin B

• Liposomal amphotericin B used
as an antifungal therapy intoler-
ance of other classes may favor
the use of liposomal amphotericin
B.

• Provided in combination with
other antifungal medications.

• LAmB was successfully used to
treat C. glabrata and C. auris in-
fection because these species pro-
duced resistance with azole and
echinocandin treatment.

• In addition to being FDA-
approved, amphotericin B works
against a wider range of Candida
species.

• ·

[23,113]

Flucytosine

• Flucytosine was developed as an
antimetabolite, it inhibits fungal
protein synthesis, and inhibits
fungal DNA synthesis through
the inhibition of thymidylate syn-
thetase.

• Hematological toxicity risk is as-
sociated with flucytosine admin-
istration, so the monitoring of
blood cell count is necessary dur-
ing treatment.

• This drug has a synergistic ef-
fect with amphotericin B, and it
is used as a combination therapy
for candidiasis infection. The use
of monotherapy was limited due
to emerging resistance.

• ·

[128,129]
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Table 3. Cont.

Fungal
Infection

Available
Treatments Comment Clinical Data Reference

Mucormycosis

Surgical
Treatment

• The European Confederation of
Medical Mycology (ECMM) and
Mycoses Study Group Education
and

• Research Consortium state that
complete surgical intervention
should take place first for the
most effective treatment.

• Surgery is recommended for
rhino-orbito-cerebral infection
and soft tissue infection. It may
be helpful in the case of a single
localized pulmonary lesion,
but impossible in the case of
disseminated mucormycosis.

• ·

• An interventional, open-label
study of endoscopic surgical treat-
ment of rhino-sinus mucormyco-
sis involve 11 patients. Outcome
measures that it controls the sur-
vival rate in association with anti-
fungal therapy. Local control was
obtained at 1 month and survival
rate at 3 months.

[3,130]
NCT02226705

First-line
treatment

involves the use
of liposomal

amphotericin B
(LAMB) at doses
between 5 and 10

mg/kg/day.

• The only antifungal medication
that is currently approved for the
treatment of mucormycosis is am-
photericin B deoxycholate (AmB).

• A high dose (10 mg/kg/day)
causes impairment in renal func-
tions as shown by a doubling of
serum creatinine level noted in
40% of patients. Some patients
reported electrolyte imbalance.

• A prospective, uncontrolled
French mycosis study reported
that 12 weeks of treatment of
LAMB 10 mg/kg/day in combi-
nation with surgery seems to be
a good response rate, but causes
renal damage as a side effect.

[47,61,130,131]

Posaconazole is
given orally (oral
suspension), in a
dose range of 200
mg, three to four

times daily.

• The drug becomes effective ap-
proximately after a fortnight.

• Posaconazole acts by depleting er-
gosterol from the fungal cells.

• To overcome oral suspension ther-
apeutic failure, its pharmacoki-
netic, and for enhanced bioavail-
ability, it was formulated in tablet
or IV injections.

• In November 2013, the FDA
granted approval for an oral
posaconazole tablet with de-
layed release and multiple pivotal
Phase III trials served as the foun-
dation for the FDA and EMA’s au-
thorization of posaconazole.

• An interventional, randomized
open-label phase 2 study was car-
ried out on 98 patients, to deter-
mine the safety, efficacy, tolerance,
and PK of posaconazole.

• ·

[77,130,132]
NCT00034671

Isavuconazole in
the dose range of

200 mg did on
days 1–2 andthen
200 mg per day
for 3–6 months.

• Isavuconazole has been given
FDA approval for the treatment
of infectious diseases caused by
mucormycosis

• No adverse side effects such as
hepatotoxicity or nephrotoxicity
were reported.

• Isavuconazole is available in oral
and IV formulations and has
many advantages such as lin-
ear kinetics, less drug interac-
tion, less toxicity, and good oral
bioavailability. None of the ad-
verse effects such as hepatotoxic-
ity, or QT prolongation had been
reported for isavuconazole.

• An observational study of isavu-
conazole with 600 participants to
check effectiveness, safety, and
utilization of retrospective chart
in mucormycosis patients.

• Primary outcome measures the
overall response, including clin-
ical response, radiological, myco-
logical response, and mortality.

• Additionally, in clinical trials,
isavuconazole has shown similar
potency compared to voricona-
zole.

[77,117,130,133]
NCT04550936
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Table 3. Cont.

Fungal
Infection

Available
Treatments Comment Clinical Data Reference

Combination
Therapy: Clinical
advantages of this
approach include

the drug’s
synergistic effects

and broader
coverage of

pathogens than
monotherapy.

• In a murine mucormycosis
model, combination therapy
using LAmB and isavucona-
zole results in a synergistic
advancement.

• However, invasive zygomycosis
has been successfully treated us-
ing a combination of oral TRB and
AMB.

• Patients with rhino-orbital-
cerebral mucormycosis who
received caspofungin and am-
photericin B together showed a
prognostic value.

• Clinical trials conducted in
this setting show caspofungin
monotherapy to have an overall
success rate of 45% to 60%.

• In a study, it was concluded that
both caspofungin and liposomal
amphotericin B were equally safe
when used in combination ther-
apy.

[133–136]

Terbinafine and
itraconazole seem

to be effective
treatments for

ROCM brought
on by R. oryzae

and R. microsporus,
respectively.

• In combination with ampho-
tericin B and voriconazole,
terbinafine exhibit additive
impacts against the Rhizopus,
Rhizomucor, and Mucor species.

• This was an observational, single-
center study. In which 322
patients having mucormycosis
have been involved. Among
them, anti-fungal susceptibility
involves 150 patients, for itra-
conazole 97.7% of R.orzye had
MIC < 2 µg/mL. However, 36.5%
of R.microporus had MIC < 2
µg/mL. for terabinafine 85.2% of
R.microporus has MIC <2 µg/ml

[64,137]

Ibrexafungerp
with a suggested
dosage of 300 mg
twice each for one

day can be
administered.

• For the diagnosis and treat-
ment of invasive candidiasis,
mucormycosis, and invasive as-
pergillosis, the FDA has granted
QIDP and fast-track designations
for oral and IV formulations of
ibrexafungerp.

• Ibrexafungerp has recently re-
ceived FDA approval for oral ad-
ministration to postmenstrual pe-
diatric and adult female VVC pa-
tients.

[138]

6. Conclusions

A high proportion of epidemiological as well as observational studies and case reports
from two years after the pandemic outbreak continue to illustrate the clinical implications
of COVID-19 that can frequently be involved in secondary respiratory fungal infections.
The chance of contracting and aggravating existing opportunistic fungal infections seems
to be ramped up by the combined effect of diabetes and increased corticosteroid utiliza-
tion to treat COVID-19 infection. The manifestation of different fungal coinfections in
COVID-19 patients appears to be influenced by mechanical ventilation, catheterization, and
immunosuppressive treatments. As a result, when caring for COVID-19 patients, doctors
and other healthcare providers should be aware of the potential risks and the likelihood of
secondary infections.

The only ways to alleviate the situation of this devastating disease are early and
prompt diagnosis, recovery from predisposing factors, and early intervention with surgical
excision and therapeutic drugs. Therapeutic agents such as corticosteroids, immunosup-
pressants, and broad-spectrum antibiotics must be used with caution, both in terms of
dosage and duration.
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COVID-19 Coronavirus Disease 2019
SARS-CoV-2 Severe Acute Respiratory Syndrome- Coronavirus 2
HIV Human immunodeficiency virus
RT-PCR Real-Time- Polymerase Chain Reaction
CT Computed Tomography
CRISPR-Cas 9 clustered regularly interspaced short palindromic repeats-CRISPR associated

protein 9 (CRISPR-Cas 9)
MALDI-TOF matrix-assisted laser desorption ionization-time of flight
FISH Fluorescence In Situ Hybridization
LAmB Liposomal amphotericin B
FDA Food and Drug Administrations
EMA European Medicines Agency
TRB Terbinafine
AMB Amphotericin B deoxycholate
QIDP Qualified Infectious Disease Product
VVC Vulvovaginal candidiasis
CAM COVID-19-associated mycosis
CAPA COVID-19-associated pulmonary aspergillosis
CAC COVID-19-associated Candida
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